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Assessing Cocaine Use Patterns in the Brazilian Capital by 
Wastewater-Based Epidemiology 
The levels of cocaine (COC) and its metabolites benzoylecgonine (BE) and 
cocaethylene (COE) in wastewater samples from Brasilia, Brazil, were 
determined using liquid chromatography coupled to hybrid quadrupole-time-of-
flight mass spectrometry. The former metabolite was used to estimate cocaine 
consumption using a country-tuned correction factor that considers BE excretion 
rates for different routes of administration as well as the fraction of crack users in 
Brazil. A day-to-day analysis during a week indicates higher cocaine use in 
weekends with peaks on Sunday in both southern (7385±121 mg day-1 1000 
inhab-1) and northern (3566±171 mg day-1 1000 inhab-1) areas of Brasilia. A 
significant high cocaine use was also observed in the Carnival Day of 2018 
(6229±219 mg day-1 1000 inhab-1). COE/BE ratios were used to assess COC and 
alcohol co-consumption since COE is produced during the co-consumption of 
both substances. Higher ratios were also observed during the weekend. However, 
higher ratios on Saturdays rather than Sundays may be explained by the decrease 
of BE excretion during the co-consumption with alcohol, which may lead to an 
underestimation of the cocaine use estimates on Saturdays, as well as by different 
patterns of co-consumption by powder and crack users, where the latter usually 
drink lower amounts of alcohol. Our data suggest that only 3% of cocaine was 
seized by the local Technical Police during the study. 
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1. Introduction 
The Brazilian Federal District (FD) was planned in the nineteen-sixties to house the 
national capital, Brasilia, a city that is the current centre of executive, legislative and 
judiciary decisions. Immediately after its foundation, the city provided new well-paid 
jobs attracting a number of newcomers from different regions of the country, leading to 
a fast but unsustainable development. Nowadays, Brasilia and its satellite cities account 
for more than 3.0 million inhabitants [1]. Like many Latin American cities, Brasilia has 
problems with drug trafficking and consumption. Although the recreational poly use of 
drugs, notably cocaine and alcohol, has been frequently reported [2], Brazil has also 
faced a spread of crack consumption all over the country in the last decades [3]. 
The wastewater-based epidemiology (WBE) has been developed in the last years 
as a novel approach to assess drug use, as well as health and lifestyle habits [4,5]. 
Briefly, consumed chemicals are totally or partially excreted in urine reaching the sewer 
system, where selected biomarkers, such as active parent substances or their 
metabolites, are measured. Thus, a back-calculation that includes information on the 
sewage flow, the excreted fraction of the biomarker and the population under 
investigation provides a community-scale information. The WBE approach is already 
well established in the literature as a complementary tool to estimate cocaine use in a 
fast way, allowing dynamic investigations concerning the temporal evolution of 
consumption [6]. It has provided estimates on the use of different licit and illicit 
substances in many countries [7–12], as well as a better understanding of the user’s 
behaviour in compliance with basic ethical principles [13,14].  
Like any other epidemiological data, the information produced by WBE is also 
susceptible to uncertainties, notably related to the representativeness of the collected 
samples, to the analytical method employed, to the stability of the biomarkers in 
sewage, and to population size fluctuations [15,16]. An important way to reduce 
uncertainty and hence improve the reliability of estimates is to choose suitable 
biomarkers and appropriate parameters for the back-calculation [15].  
Cocaine is a potent stimulant drug being one of the most consumed illicit 
substance in the Americas [17]. The metabolite benzoylecgonine (BE) has been widely 
used for cocaine use estimates due to its relatively high excretion rate and higher 
stability in sewage samples compared to other COC metabolites [18]. Cocaine is often 
used as hydrochloride salt powder by an intranasal route of administration being 
preferentially absorbed through the nostrils [19], while smoked free-base cocaine 
(crack), is more volatile and quickly reaches the lungs where absorption into the 
bloodstream is similar to intravenous administration [20]. When cocaine is smoked, BE 
production rates are decreased and higher amounts of anhydroecgonine methyl ester are 
formed leading to the formation of anhydroecgonine by enzymatic cleavage and 
spontaneous chemical hydrolysis [21]. The co-consumption of cocaine and alcohol, a 
known depressant, is one of the most common association among drug users [22]. Since 
they affect the central nervous system differently, leading the user to feel sober, the risk 
of overdose is greater than taking the substances separately [23]. Additionally, alcohol 
affects the metabolism of COC, increasing the plasma levels of the parent substance and 
norcocaine, decreasing the amount of BE, and producing the substance cocaethylene 
(COE) by transesterification mediated by the enzymatic action of a carboxylesterase 
(hCE1) [24–26]. Consequently, COE can be used to monitor cocaine and alcohol co-
consumption as well as the effect of alcohol on the BE levels found in urine and in 
sewage samples [27]. 
In order to contribute to the studies of WBE in Brazil, this work aimed to assess 
the levels of COC, BE and COE in sewage samples collected in two wastewater 
treatment plants (WWTP) of the Brazilian Capital, Brasilia. The area served by these 
two WWTP was previously investigated concerning the use of cocaine using the WBE 
approach [28–30]. For the first time in Brazil, we assess the levels of COE during a day-
to-day investigation in order to better understand the co-consumption of cocaine and 
alcohol [31] and to assess the potential of WBE in the study of users in a community-
scale investigation. Our findings were also compared with seized data from the local 
Technical Police.  
2. Experimental 
2.1 Chemicals 
COC, BE, COE, and their deuterated analogues (COC-d3, BE-d3 and COE-d3) were 
purchased from Cerilliant (Round Rock, USA) in acetonitrile (ACN) or methanol 
(MeOH) solutions containing 1.0 mg mL-1 of COC, BE and COE and 0.1 mg mL-1 of 
their deuterated standards. Individual stock solutions were prepared in MeOH and kept 
at -20 °C until use. MeOH and HPLC grade ACN, formic acid (98-100%), hydrochloric 
acid (37%) were purchased from Merck (Darmstadt, Germany). Ultrapure water was 
obtained in the laboratory in a Milli-Q Gradient A-10 system (Millipore, Bedford, MA, 
USA). Strata- X®, disposable cartridges for solid-phase extraction (SPE), containing 
200 mg of a polystyrene divinylbenzene sorbent with both hydrophilic and lipophilic 
properties, were acquired from Phenomenex (Torrance, CA, USA). 
2.2 Study Area and sampling  
Samples were collected at the inlet streams of two domestic WWTPs of the Brazilian 
Federal District (FD), located in the capital, Brasilia. Figure 1 shows the area covered 
by each WWTP. The North-Wing WWTP serves a population of almost 145,000 
people, while South-Wing WWTP covers an area of the FD with approximately 
525,000 inhabitants. 
Sampling was carried out in eight consecutive days, from 30th May to 6th June 
2017. Samples from 30th May (Tuesday) and 2nd June (Friday) were not collected in the 
North-Wing WWTP due to logistic difficulties concerning the plant operation. An 
additional sample was collected in this WWTP during the Carnival Day of 2018 (13th 
February, Tuesday). The Carnival Holiday is the most popular Brazilian celebration 
usually starting on Friday and ending on the next Wednesday. During this period, a 
variety of festive events are accompanied by a lot of music, dancing, and drinking 
throughout the day [32]. 
An automatic refrigerated (4ºC) sampler (AS950, HACH, Colorado, USA) was 
used to collect composite influent samples in flow proportional aliquots during 24 h 
periods. Sampling started 12 midnight (12:00 a.m.) and ended at the same hour on the 
next day. Samples were taken to the laboratory in amber glass bottles every day at 7:00 
a.m. 
2.3 Sample Preparation 
Samples were subjected to a SPE procedure developed and validated elsewhere [29]. 
Briefly, aliquots of 50 mL of unfiltered samples were acidified to pH 2.0 with a 2.0 mol 
L-1 HCl solution and transferred to individual 60-mL syringe tubes connected in-line to 
the SPE cartridges. To avoid clogging, laboratory grade glass wool was placed on the 
top frit of the cartridges. The sorbent phase was conditioned with 6 mL of a 
MeOH:ACN mixture (60:40 v/v) followed by 6 mL of a pH 2.0 ultrapure water. 
Samples were passed through the cartridges at a flow rate of 3 mL min-1 in order to 
provide adequate contact between the analytes and the sorbent phase. Cartridges were 
then centrifuged at 4000 rpm for 5 min to eliminate residual water, dried under a 
constant stream of N2 for 5 min and kept frozen until the elution step. Then, cartridges 
were packed in ice in an insulated bag and transported to the analytical chemistry 
laboratory of the Institute for Food Analyses and Research in Santiago de Compostela 
(Spain), where analyses were carried out. In Spain, analytes were recovered with 6 mL 
of MeOH into previously cleaned glass tubes and internal standards were added to the 
extracts to compensate for evaporation losses and matrix effects. The eluates were 
evaporated to dryness at 40ºC under a N2 flow in a TurboVap® II (Biotage, SE) and the 
resulting materials were redissolved with MeOH to a final volume of 0.2 mL. 
For all transported samples, elution was carried out within a maximum period of 
24h after arrival, except for the sample collected during the carnival day. In this case, 
sample preparation was carried out solely in Brazil according to the procedure described 
above. Analytes stability during transport of the cartridges (in-cartridge stability) was 
investigated in spiked samples (0.4 µg L-1) collected in North-Wing WWTP and 
prepared using the extraction procedure described above. Cartridges were kept protected 
from light at room temperature (23 ºC) for a 24 h period prior to the elution step. 
Analytes stability in the wastewater (in-sewer stability) was also investigated using 
spiked samples (0.4 µg L-1) kept under stirring at 23 °C, in the dark, in a refrigerated 
incubated shaker (SI-600R, Lab Companion Jeio Tech, South Korea) in order to mimic 
typical conditions expected in the sewer system of Brasilia. 
2.4 Analytes Quantification 
All extracts were analysed by liquid chromatography coupled to a high-resolution 
hybrid quadrupole-time-of-flight mass spectrometer (LC-QTOF). The exception is 
made for the Carnival sample and for the samples investigated during stability tests. In 
this case, analyses were carried out in Brazil using a liquid chromatograph coupled to a 
triple-quadrupole mass spectrometer. Details on the equipment used in Brazil are given 
in the Supplemental Material. 
The LC-QTOF system consisted of a 1200 Series HPLC chromatographic 
system (Agilent Technologies, Santa Clara, USA) with a binary pump, an autosampler 
and a thermostatted column compartment coupled to a 6520 Series QTOF system 
(Agilent Technologies, Santa Clara, USA) with a Dual ESI source operated in positive 
mode with a capillary voltage of 4.0 kV. 
Optimal chromatographic parameters were selected by varying the column 
temperature, the gradient flow rate and composition. The mobile phase consisted of a 
0.1% formic acid solution in ultrapure water as the aqueous phase and MeOH with 
formic acid (0.1%) as the organic phase. Formic acid was used to improve ionization 
and the intensity of analytical signals. Separation was performed in a Zorbax SB-Aq 
C18 column (150 × 4.6 mm I.D. 5.0 μm particle size) obtained from Agilent at 40 °C 
with gradient elution (300 µL/min) by increasing the organic phase (20-50%) in 3 min, 
followed by an increase to 100% in 0.1 min and by keeping this composition constant 
for 4 min. After readjusting to the initial conditions, the system was re-equilibrated for 6 
min. The injection volume was 2 µL.  
Table 1 presents QTOF parameters used for identification and quantification 
purposes. For each analyte, quantification in the MS mode was achieved using the 
precursor ion, i. e., the protonated molecular ion [M+H]+ extracted with a mass window 
of 20 ppm on order to obtain the narrow-window extracted ion chromatogram (nw-
XIC). A 5 ppm tolerance from the theoretical mass was stablished as criteria for positive 
identification. Furthermore, at least one product ion produced in the collision cell was 
selected for each analyte in the MS/MS mode for confirmation purposes. Fragmentor 
voltage was set at 140 V, while entrance potential and collision energy were set as 65 
and 20 eV, respectively. Two reference ions (m/z 922.0097 and m/z 121.0508) were 
continuously used to recalibrate the QTOF system in order to maintain the mass 
accuracy as indicated by the manufacturer. 
Quantification was carried out by internal standard calibration using, at least, 
ten-points analytical curves previously tested for the homogeneity of variances by the 
Cochran test. Quantification parameters, as well as the limits of quantification and 
detection, are shown in the Supplemental Material. Matrix effects and recovery 
efficiency were investigated according to a procedure proposed to assess the overall 
efficiency of the method [33]. In this case, experiments were performed under three 
different conditions in order to calculate the efficiency of the method (𝐸𝑓) as shown in 
equation 1. 
 
 𝐸𝑓  100 (1) 
 
The efficiency of the method was evaluated during the in-cartridge stability 
tests, since cartridges were transported for 24 h. Thus, spiked wastewater samples, in 
triplicates, were passed through SPE cartridges (R1) while non-spiked wastewater 
samples, also in triplicates, were submitted to the same procedure (R2). After 
extraction, all cartridges were left at room temperature (23 ºC) for 24 h prior to the 
elution step. Three aliquots of MeOH were also fortified with a mix of the analytical 
standards (R3). 
 
3. Results and discussion 
3.1 Analytical Performance 
Analytes stability in WBE studies may be assessed by in-sewer and in-sample tests, as 
pointed out by McCall et al. [34] reviewing the stability of illicit drugs in sewers and 
wastewater samples. According to the authors, sample storage is the most important 
aspect to in-sample stability of analytes. In this case, the extraction and storage of the 
analytes in SPE cartridges may be an alternative approach to keep them stable up to six 
weeks in a temperature of -20 °C. In the present work, in-sample stability was 
performed to evaluate possible analyte losses associated with the transport of SPE 
cartridges, which could not be kept under low temperatures. We prefer to denominate 
these tests as in-cartridges, in order to differentiate them from other in-sample stability 
tests which may involve sample preparation, preservation and storage. 
During the in-cartridge stability tests, small analyte losses were noticed during 
the transport period at room temperature. In this case, the efficiency of the method was 
higher for COC (80±8%), followed by BE (77±10%) and COE (71±9%). The 
concentration of the analytes in the samples was then corrected using 𝐸𝑓 values.  
In-sewer stability tests aimed to investigate possible transformations of the target 
analytes during their transport through the sewer system In-sewer stability experiments 
should consider and mimic all relevant aspects that may occur in sewer, such as the 
nature of the raw material, the formation of biofilms on the sewer walls, sediments, and 
the sewer atmosphere [34]. However, most studies, including the present one, 
investigated the stability of analytes in the raw sewage over a predetermined period of 
time, under controlled temperature and pH conditions. As Brazil is located under 
tropical climate, in-sewer stability tests are indispensable to verify the stability of the 
analytes under local temperature conditions. It is important to point out that the average 
temperature in Brasília does not change significantly during the year, varying between 
19 and 23 ºC. Table 2 portrays the results obtained in the present work as well as 
previous results obtained in the literature. 
Stability results found in this work for COC, BE and COE showed the same 
behaviour than previous works, where concentrations of BE increase while a slight 
decrease in the levels of COC and COE is noticed. Devault et al. [38] investigate in-
sewer stability of COC and BE under a tropical context, where sewage may reach 
temperatures of about 31 °C. Regardless of the temperature, authors observe a relatively 
high COC degradation (80%) under pH 6.5 and 7.6 after 24 In order to avoid further 
problems related to the stability of target analytes in the wastewater, the use of a 
refrigerated autosampler is essential considering that wastewater composite samples are 
commonly obtained during a relatively long period (12 to 24 h). These findings also 
evidenced the need for a quick sample preparation and the necessity of preservation 
techniques when the sample is being collected for periods longer than 24h without 
proper refrigeration. Simple techniques, such sample acidification, may be adopted to 
improve stability of analytes for a longer period [28,34]. The work carried out by 
Devault et al.[38] also shows higher in-sewer stability of COC and BE under acidic 
conditions (pH 5). 
3.2 Analytes Concentrations and Cocaine Use Estimates 
Table 3 portrays the concentration of the investigated analytes in the sewage 
samples collected in this work. 
BE was the analyte detected at higher concentrations in the samples, varying 
from 1659±146 to 8559±141 ng L-1, followed by COC (835±58 to 1983±40 ng L-1) and 
COE (<14 to 422±44 ng L-1). The highest BE concentration was obtained in the sample 
collected in the Sunday (4th June 2017) at the South-Wing WWTP, followed by the 
sample collected in the Carnival Holiday of 2018 (5920±208 ng L-1) at the North-Wing 
WWTP. In the latter date, COE level was the highest among the other days investigated. 
As cocaine is often consumed together with alcohol, significant concentrations of the 
metabolite COE may be a preliminary evidence on the co-consumption of drugs. It is 
estimated that a high proportion of cocaine users (varying from 50 to 90%) may 
consume cocaine simultaneously to ethanol [39] leading to the excretion of COE. In 
Table 3, higher COE levels are depicted in the Carnival Day sample together with the 
samples collected during the weekend. During the weekdays, concentrations of this 
metabolite were lower, in some cases below LOD (12 ng L-1) or LOQ.  
Cocaine use estimates were assessed using concentration data obtained from its major 
and more stable metabolite in sewage samples, BE [40]. COC levels are not used 
because it is minimally released in its unchanged form (1-15%) [16]. Also, 
overestimated data may be generated as the unchanged form can eventually be disposed 
(accidentally or not) in the sewer systems. Equation 2 shows how to estimate the 
consumption (𝐶) of cocaine, in mg day-1 1000 inhabitants-1, using the concentration (𝑐) 
of BE (mg L-1), the volumetric flow (𝑄 ) of the influent sewage (L day -1), a correction 
factor (𝑓) and the number of inhabitants (𝑖𝑛ℎ𝑎𝑏) served by the WWTP [18]. 
 
 𝐶 1000 (2) 
 
A 𝑓 value of 2.33 was firstly proposed by Zuccato et al. [41] using available 
pharmacokinetic data indicating that 45% of the consumed cocaine (notably via 
intranasal) was metabolized and excreted in urine as BE. Thus, by dividing the 
molecular weight ratio COC/BE (303/289) by 0.45, a value of 2.33 was achieved. 
However, recent pharmacokinetic data compiled by Castiglioni et al. [15] evidenced 
that the formation of BE, and consequently the 𝑓 value, may depend on the route of 
administration and on the preference of cocaine users in a given region. Thus, the 𝑓 
value was refined to 3.59 considering pharmacokinetic data for COC intake, whether 
intranasal (29.4%), intravenous (37.4%), oral (55%) or smoked (14.8%). These data 
were also normalised considering epidemiological data on the cocaine consumption in 
Europe revealing a prevalence of 95% of intranasal cocaine users [42]. Thus, an 
excretion rate of 29.2% of BE in urine leads to the 𝑓 value of 3.59 [15]. Table 4 shows 
different 𝑓 values used in WBE studies. 
In the Americas, cocaine is the second most common illicit drug consumed after 
cannabis [46]. Using the most recent pharmacokinetics data (previously described), 
Devault et al. [45] proposed a weighted urine excretion factor of 18.5% for the region of 
Martinique, a French territory in the Caribbean, where it is believed that crack is 
preferentially consumed (75%). In Brazil, a report from the National Institute of Science 
and Technology for Policies on Alcohol and other Drugs [47] suggested the prevalence 
of intranasal adult users (70%) in comparison with crack users (30%) Thus, an excretion 
rate of 25.0% of BE in urine is obtained in accordance with the pharmacokinetic data 
compiled by Castiglioni et al. [15]. Consequently, a correction factor of 4.19 is more 
adequate in studies carried out in Brazil.  
Figure 2 shows a day-to-day variation concerning cocaine use estimates for the 
two regions covered by the North-Wing and South-Wing WWTP. A per capita estimate 
is also portrayed for the Carnival Day at the northern region of Brasilia. 
In both investigated areas, cocaine use was higher at the weekend, notably on 
Sunday, in comparison with the weekdays (Monday to Friday). In the region covered by 
the North-Wing WWTP, the average cocaine use during the weekdays (2296±353 mg 
day-1 1000 inhab-1) was 25% lower than the estimates for the weekend (3100±233 mg 
day-1 1000 inhab-1) and 36% lower than the estimates for Sunday (3566±171 mg day-1 
1000 inhab-1). This result is similar to previous data produced in the same region in 
2012, where cocaine use was 50% higher in the weekend in comparison with weekdays 
[28]. In the region covered by the South-Wing WWTP, cocaine use on Sunday 
(7385±121 mg day-1 1000 inhab-1) was more than three times higher than the average 
calculated for weekdays (1707±250 mg day-1 1000 inhab-1). In the Carnival Day, a 
cocaine consumption of 6229±219 mg day-1 1000 inhab-1 was depicted, being one of the 
highest reported in the literature, to the best of our knowledge. 
So far, WBE results obtained in Brasilia over the past few years are the only 
ones produced in Brazil, a country with continental dimensions, with more than 200 
million inhabitants, and with large urban areas, such as São Paulo and Rio de Janeiro, 
facing serious problems with drug trafficking and use [48,49]. Therefore, comparisons 
concerning drug use within the same economic and cultural context are still pending, 
but can be made in the future, as the WBE approach is expanded to other Brazilian 
cities. On the other hand, the data produced in the present work can be compared with 
those produced by Bijlsma et al. [9] in Colombia, a Latin American country 
neighbouring Brazil and one of the largest producers of cocaine in the world. In the 
cities of Bogotá and Medellín, average consumption on weekdays was 705±63 and 2956 
mg day-1 1000 inhab-1, respectively, being similar to our results. However, differently 
from Brasilia and from most of the European cities, cocaine consumption during the 
weekend did not differ significantly (835±51 and 3187±392 mg day-1 1000 inhab-1 in 
Bogotá and Medellín, respectively) suggesting a constant use of the drug. 
In Brasilia, cocaine consumption during the weekdays is higher in the northern 
region of Brasilia compared to the southern region. Although any hypothesis to explain 
this phenomenon is merely speculative, it is important to mention the main Campus of 
the University of Brasilia, as well as other universities, is located in the northern region. 
Together, they account for a university population of about 50,000 people. In addition, 
it has been reported that excessive drug use, including cocaine, is common in 
universities in Brazil [50]. Cocaine use in the region served by the North-Wing WWTP 
has been the highest in the Federal District since the first estimates were obtained [28–
30] probably as a result of this significant university population.  
The results shown in Figure 2 also point to an exceptionally high cocaine 
consumption on Sunday in the area served by the South-Wing WWTP. In this region, 
especially on the shores of Paranoá Lake, numerous nightclubs and bars concentrate 
most of the recreational and social activities of Brasilia, especially during the weekends. 
Thus, it is believed that the data may be influenced by some event of great proportions 
that may have occurred in the region. It is important to point out that both regions have 
bars, restaurants and other activities where drug use can happen on weekends. In the 
South Wing, however, are located the main establishments that can concentrate major 
festive events. This may be the reason why weekend consumption is about twice as high 
as the weekdays in the North-Wing and about five times higher in the South-Wing. 
In order to explain the higher cocaine use during the weekends in both 
investigated regions, one can consider that this increase is a consequence of a number of 
festive events that typically occur during weekends in large cities. However, it is also 
important to consider a higher number of binge users, i.e., episodic users who were 
characterized by repeated administration of cocaine followed by a period of abstinence 
[51]. Thus, additional information is required to assess the users’ profile using WBE 
data, such as the determination of behavioural biomarkers in the sewage. In this study, 
COE was used to investigate the co-consumption of alcohol and cocaine, but also as a 
preliminary tool to investigate the pattern of consumption by different types of users. 
 
3.3 Cocaine and Alcohol Co-consumption 
The amount of COE excreted in urine is less than 1% and highly dependent on the 
amount of alcohol and cocaine ingested [31,52]. For this reason, the COE/BE ratio was 
used to estimate the preferential consumption of cocaine alone or with alcohol [[27]]. In 
order to understand the co-consumption of drugs, Figure 3 shows COE/BE ratios 
obtained in the investigated samples. 
In the literature, COE/BE ratios in urine are very scarce, especially considering 
different routes of administration of cocaine [26,31,53]. Rodríguez-Álvarez et al. [27] 
investigated cocaine and alcohol consumption in two European cities using COE as an 
indicator of co-consumption and compiled pharmacological data concerning the 
simultaneous administration of both substances. The authors suggest a reference value 
of 0.039 for the COE/BE ratio (shown in Figure 3), where higher values may indicate 
that cocaine is preferably consumed with alcohol. 
In Figure 3, COE/BE ratios calculated from wastewater analysis differ 
significantly between the two investigated regions. In the region covered by the North-
Wing WWTP ratios higher than 0.039 were noticed in all days, except for the Sunday. 
As mentioned earlier, this behaviour may be also related to the higher student 
community in the northern region. In this region, the highest COE/BE ratio was 
obtained for the sample collected on Saturday (0.067±0.012). In the region covered by 
the South-Wing WWTP, the highest COE/BE ratio was also noticed on Saturday 
(0.037±0.006), being similar to the cut-off value. During the weekdays, but also in the 
Sunday, ratios below the reference value as well as below the data obtained for the 
northern region were observed. COE/BE for the Carnival Holiday (0.071±0.008) was 
the highest among the investigated samples. 
It is important to notice that results for cocaine consumption in Figure 2, based 
on the use of BE in the back-calculation, indicates a higher drug use on Sundays. As the 
administration of alcohol decreases BE levels by approximately 48% in urine [31], the 
interpretation of our data may take into account that the co-consumption of alcohol and 
cocaine may also influence the day-to-day results portrayed in Figure 2, where higher 
cocaine use on Saturdays was probably underestimated. In the Carnival Day this 
behaviour was not evident probably due to the fact the alcohol consumption is high 
during the entire holiday and throughout the days of the festival. Thus, in this case, 
COE/BE, as well as data for cocaine consumption, were always high. 
Another hypothesis to explain greater COE/BE ratios on Saturdays rather than 
Sundays is based on the profile of users since different patterns of combined cocaine 
and alcohol use were reported by powder and crack users [54]. Guindalini et al. [55] 
show that powder and dual users (crack+powder) reported drinking more alcohol per 
week than crack cocaine users. Gossop et al. [56] found that the co-consumption of 
alcohol and cocaine is most common for powder (intranasal) users, while crack users 
may consume alcohol at the end of crack-using sessions. In addition, the authors show 
that during the administration of high episodic doses (binge), crack users drink lower 
amounts of alcohol than usual. Thus, considering that in Brazil there are at least 30% of 
crack cocaine users, peaks on the cocaine use estimates based on wastewater analyses 
may not be accompanied by the highest COE/BE ratios determined in the samples, 
especially during typical day-to-day investigations. Finally, it is important to mention 
that more than 80% of the crack users that seeks treatment in Brasilia does not use crack 
at parties [57], corroborating our hypothesis.  
All discussions made here to explain higher COE/BE ratios on Saturdays rather 
than Sundays cannot be used for the sample collected in the Carnival Day, considering 
that a high pattern of consumption of different drugs is expected during the entire 
holiday. Finally, as pointed out by Rodríguez-Álvarez et al. [27], excretion data on COE 
are still scarce leading to possible biased speculations using COE/BE ratios. Of course, 
further pharmacokinetic studies are needed, especially considering different routes of 
administration of cocaine as well as different patterns of concomitant use in order to 
redefine this reference value and to improve the interpretation of WBE estimates. 
3.4 Police seizures and WBE 
Drug seizure information was combined to WBE data in order to provide information 
concerning law enforcement and drug trafficking scenario. The Institute of 
Criminalistics of the Brazilian Technical Police provide data on cocaine seized, as well 
as the composition of drugs. Figure 4 shows the amount of crack and cocaine seized in 
different locations of the Brazilian Federal District, including Brasilia and its satellite 
cities, during the week investigated by the WBE approach. 
A total of 104 seized samples were identified by routine procedures of the local 
Technical Police as hydrochloride cocaine (powder) or freebase cocaine (crack). Figure 
4 shows that crack and cocaine (powder) are spread throughout the Brazilian Federal 
District. Approximately the same quantities of both drugs were seized during the week, 
i.e., 3.5 kg of crack rocks and 3.8 kg of powdered cocaine. Small quantities of crack 
were seized per police searches, since 90% of samples present masses below 11.4 g. On 
the other hand, 90% of the cocaine powder samples present masses below 113.5 g. 
In Figure 5, the daily load of cocaine, estimated by WBE, is compared with the 
daily amount of crack and cocaine seized. For comparison purposes, the amount of 
cocaine consumed was extrapolated considering that the WBE data produced covers 
approximately 23% of the inhabitants [1]. 
Results shown in Figure 5 indicate a lack of correlation between crack+cocaine 
consumed and seized in the FD during the week investigated. This is probably due to 
the small amount of drug seized in comparison to that consumed. Findings of the 
Brazilian Federal Police chemical profiling program (PeQui project) showed that the 
purity of cocaine in 642 drugs samples obtained from seizures in the streets of five 
Brazilian states, including FD, was 49.8±29.5% [58]. Thus, it is possible to estimate that 
the effectiveness of routine police action during the week was able to prevent the 
circulation of about 3% of the drug demand.  
Considering the purity of drugs trafficked on Brazilian streets, as well as the 
results regarding cocaine consumption in the Federal District obtained through WBE, it 
is possible to estimate that about 5.6±2.1 tons of street-grade cocaine circulate in the FD 
per year. For the law enforcement point of view, information such as the number of 
drugs trafficked in a particular region, as well as the effectiveness of police seizures 




An analytical method based on SPE and LC-QTOF was used to quantify COC and two 
metabolites, BE and COE, in wastewater samples collected in the Brazilian Capital. A 
day-to-day analysis revealed higher cocaine use on Sunday in the areas covered by two 
wastewater treatment plants (South-Wing and North-Wing WWTP). In the northern 
region, cocaine use was higher in comparison with the southern region on weekdays. In 
these days, COE/BE ratios were also higher in the northern region indicating the co-
consumption of alcohol and cocaine. As cocaine use was higher on Sunday, it was 
expected a high COE/BE during this day. However, ratios were higher on Saturdays 
rather than Sundays. This behaviour may be explained by the decrease of BE excretion 
during the co-consumption of cocaine with alcohol, leading to an underestimation of the 
cocaine use estimates on Saturdays. In addition, as the Brazilian community experiences 
a significant use of smoked freebase cocaine, in the form of crack, the patterns of drug 
use may also contribute to add some bias to the results. Crack users usually drink lower 
amounts of alcohol, at the end of drug‐using sessions and isolated from social or festive 
events. Thus, peaks of cocaine consumption may not be accompanied by high COE/BE 
values. In the Carnival Day sample, investigated by LC-QqQ, a high cocaine use was 
accompanied by the highest COE/BE ratio, probably due to the fact that drug and 
alcohol use is high and steady throughout the entire holiday week. Data collected by the 
Brazilian Civil Policed during the study period revealed that about 3% of the 
crack+cocaine circulating in the streets of the Brazilian Capital were seized. Finally, 
considering the purity of drugs trafficked in Brazil, it is estimated that about 5.6±2.1 
tons of crack+cocaine circulate annually in the Brazilian Federal District. 
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Table 1. Retention times and QTOF m/z values used for the determination of the 
investigated analytes. 
Analyte Retention time (min) Precursor ion (m/z) Product ions (m/z) 
COC 7.7 304.1543 182.1176 
82.0651 
BE 7.5 290.1387 168.1019 
105.0335 
COE 7.9 318.1700 196.1322 
150.0913 
COC-d3 7.7 307.1732 185.1364 
BE-d3 7.5 293.1575 171.1207 
COE-d3 7.9 321.1888 199.1520 
 
Table 2. Comparison between wastewater stability tests for COC, BE and COE 
Experimental conditions Percentage of variation (%) Reference 
COC BE COE 
12 h, 20 °C, pH 7.5 -40 +6 – [35] 
12 h, 19 °C, pH 7.4 -7.7 +5.5 -6.8 [36] 
24 h, 19 °C, pH 7.4 -12.3 +7.4 – [36] 
12 h, 20 °C, pH 7.5 -20 +28 – [37] 
72 h, 24 °C, pH 7.5 -29.4 +11.3 – [28] 
24 h, 20 °C, pH 7.6 -80 +20 – [38] 
24 h, 20 °C, pH 6.5 -80 +25 – [38] 
24 h, 20 °C, pH 5 < -15% 0 – [38] 
24 h, 30 °C, pH 7.6 -80 +20 – [38] 
24 h, 30 °C, pH 6.5 -80 +25 – [38] 
24 h, 30 °C, pH 5 < -15% 0 – [38] 
24 h, 23 °C, pH 7.5 -14.6±1.6 +9.0±4.0 -2.0±0.2 This work 
 
 
Table 4. Correction factors (𝑓) used in WBE studies considering different regions, 
routes of administration and prevalence of drug users. 





Intranasal Smoked Injected Oral 
World 100 − − − 45.0 2.33 [43] 
World 100 − − − 35.0 3.00 [44] 
Europe 95 4 2 − 29.2 3.59 [15] 
Martinique 25 75 − − 18.5 5.67 [45] 
Brazil 70 30 − − 25.0 4.19 [28] 
 
 
Table 3. Concentration (average ± standard deviation) of COC, BE and COE (ng L-1) in 
sewage samples (n=3) collected in two WWTP of the Brazilian Capital within a week 
period. 
Date COC BE COE 
S-W N-W S-W N-W S-W N-W 
Tue (30.5.17) 944±77 NA 2115±162 NA <14a NA 
Wed (31.5.17) 787±50 865±63 2000±150 1598±127 <14a 59±13 
Thu (1.6.17) 1175±125 835±58 2374±94 1746±150 <14a 78±15 
Fri (2.6.17) 635±79 NA 1659±146 NA <14a NA 
Sat (3.6.17) 977±73 1376±111 2745±152 2788±168 101±16 188±34 
Sun (4.6.17) 1983±40 1502±144 8559±141 4155±199 155±14 104±29 
Mon (5.6.17) 743±51 1256±70 1636±93 2338±148 <42b 103±28 
Tue (6.6.17) 837±47 1066±130 1599±106 1866±151 <42b 89±19 
Tue (13.2.18) NA 1153±143 NA 5920±208 NA 422±44 
aconcentrations below LOD 
bconcentrations between LOD and LOQ 




Figure 1. Areas served by the two main WWTPs of Brasilia in the FD. Red and blue 
pins are the location of North-Wing and South-Wing WWTPs, respectively, on the 
banks of Paranoá Lake. 
 
Figure 2. Day-to-day profile of cocaine use assessed by wastewater-based epidemiology 
in areas served by two WWTP of Brazilian Capital. 
 
Figure 3. Variation of COE/BE ratios in sewage samples collected during a week period 
in two WWTPs of the Brazilian capital. The dotted line represents the threshold value of 
0.039 suggesting a preferably cocaine consumption with alcohol [27]. 
 
Figure 4. Distribution of crack and cocaine (powder), in grams, seized in Brasilia and 
satellite cities by the Brazilian Civil Police from 30th May to 6th June 2017. 
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Linearity and Limits of Detection and Quantification 
Linear regression parameters of the analytical curves constructed for quantification of 
cocaine (COC), benzoylecgonine (BE) and cocaethylene (COE) in wastewater samples 
by liquid chromatography coupled to high-resolution hybrid quadrupole-time-of-flight 
mass spectrometry (LC-QTOF) are presented in Table S1. 
Table S1. Parameters of the analytical curves and limits of determination and 
quantification for the investigated analytes determined by LC-QTOF. 
Analyte IS Working 
Range  
Analytical Curve R2 LODi  LOQi  LODm* LOQm*
  µg L-1 y = a + b x  µg L-1 µg L-1 ng L-1 ng L-1 
COC COC-d3 90 − 700 y = 0.045 + 0.005 x 0.996 27 90 86 288 
BE BE-d3 70 − 1000 y = -0.046 + 0.007 x 0.999 21 70 65 215 
COE COE-d3 15 − 100 y = 0.005 + 0.051 x 0.991 5 15 14 42 
COC: cocaine, BE: benzoylecgonine, COE: cocaethylene, IS: internal standard, a: linear coefficient, b: angular 
coefficient, LODi: limit of detection of the instrument, LOQi: limit of quantification of the instrument, LODm: 
method limit of detection, LOQm: method limit of quantification. *Limits calculated considering the efficiency of the 
method (𝐸𝑓) and a concentration factor of 250. 
Analytical curves using internal standards were homoscedastic. Instrumental 
limits of quantification (LOQi) were expressed by the lower standard concentration of 
the analytical curves, while instrumental limits of detection (LODi) were calculated 
using LOQi divided by the factor of 3.3. Limits of detection and quantification of the 
method, LODm, and LOQm, respectively, were obtained using LODi and LOQi 
multiplied by the efficiency of the method (𝐸𝑓) and divided by the pre-concentration 
factor of 250. 
Analytes Quantification in Brazil 
The Carnival Day sample, as well as the samples from the stability test, were analyzed 
in Brazil using liquid chromatograph (Agilent 1200 Series) coupled to triple-quadrupole 
(QqQ) mass spectrometer (QTRAP 3200, Sciex) with electrospray ionization (ESI) 
interface operating at 550 °C and 4500 V, using nitrogen as curtain gas at 15 psi and as 
auxiliary nebulizing gas (GS1 and GS2) at 45 psi. 
Separation was performed using an Eclipse XDB-C18 column (4,6×150 mm, 
particle size of 5 μm, Agilent) with gradient elution (0.3 mL min-1) water and in 
methanol as mobile phases containing 0.1% (v/v) of formic acid. The gradient was 
achieved by maintaining for 4 min a relative methanol concentration of 10%, followed 
by the increase to 100% in 6 min, and held constant for another 1 min. After readjusting 
to the initial conditions, the system was re-equilibrated for 7 min. The injection volume 
was 2.0 μL.  
Mass spectrometric analyses were carried out using the multiple reaction 
monitoring (MRM) mode in order to identify and quantify the target analytes by 
measuring the fragmentation products of each protonated molecular ions [M+H]+. Table 
S2 shows the MRM transitions used alongside with other instrumental parameters. 
 
Table S2. LC-MS/MS parameters used during the analysis 
Analyte DP (V) EP (V) CEP (V) MRM transitions 
(m/z) 
CE (V) CXP (V) 


















COC-d3 16 5 22 307,1⟶185,1a 25 4 
BE-d3 16 4.5 98 293,1⟶171,1a 25 4 
COE-d3 11 5 28 321,1⟶199,1a 27 4 
aTransition used for quantification. DP: declustering potential, EP: entrance potential, CEP: collision cell entrance 
potential, CE: collision energy, CXP: collision cell exit potential, RT: retention time. 
 
The preparation of the samples analyzed in Brazil was identical to those sent to 
Spain, except for the pre-concentration step. After elution of the analytes with 6 mL of 
methanol and the addition of internal standards, the eluates were then evaporated under 
vacuum in a parallel evaporator Syncore Analyst (Buchi) to a final volume of 1.5 mL. 
Table S3 shows the parameters of the analytical curves constructed for quantification of 
the selected analytes by liquid chromatography coupled to triple-quadrupole mass 
spectrometry (LC-QqQ), as well as limits of detection and quantification. 
Table S3. Parameters of the analytical curves and limits of determination and 
quantification for the investigated analytes determined by LC-QqQ. 
Analyte IS Working 
Range  
Analytical Curve R2 LODi  LOQi  LODm* LOQm*
  µg L-1 y = a + b x  µg L-1 µg L-1 ng L-1 ng L-1 
COC COC-d3 10 − 500 y = 0.001 + 0.006 x 0.98 3 10 73 242 
BE BE-d3 10 − 500 y = 0.077 + 0.723 x 0.99 3 10 71 233 
COE COE-d3 10 − 500 y = 0.012 + 0.092 x 0.99 3 10 65 215 
COC: cocaine, BE: benzoylecgonine, COE: cocaethylene, IS: internal standard, a: linear coefficient, b: angular 
coefficient, LODi: limit of detection of the instrument, LOQi: limit of quantification of the instrument, LODm: 
method limit of detection, LOQm: method limit of quantification. *Limits calculated considering the efficiency of the 
method (𝐸𝑓) and a concentration factor of 33. 
 
